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VIBRATION POLLUTION
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Over 1.2 million industrial workers per year in the U.S. are
exposed to potentially harmful "“hand-arm’ vibration on the
job. Typical sources of high vibration are chain saws, grinders
and pneumatic chipping hammers.

If the hand is subjected to sustained high vibration levels,
then eventually the fingers are likely to develop a defect in
their blood supply which leads to attacks of Vibration In-
duced White Finger (VWF) or occupation Raynaud’s disease.
The symptoms of an attack of VWF, which may last an hour,
are numbness in the fingers, along with pain and paleness
of the fingertips. VWF does not result from occasional use of
vibrating tools, but from prolonged use, such as that which is
normally found in industry. The symptoms of VWF don't
appear until one is exposed for a few weeks to several years,
depending on the nature of the work process. There i1s a
limited amount nf experimental evidence which suggests that
the higher the daily “‘dose’ of 'hand-arm’’ vibration one gets
on the job, the quicker one is likely to develop VWF. The ex-
tent to which recovery occurs, if at ail, when the exposure
ceases is unclear.

The statistics on the incidence of VWF are cause for some
concern. In some industrial environments, 100% of the work-
ers have the disease. It takes only six months for some work-
ers to develop the disease with a time delay of one to fifteen
years being more typical. Most cases cause social disablement
rather than an inability to work, but occasionally severe im-
pairment may occur. A few cases of gangrene i the fingers
of severely affected workers have been reported.

U.S. Government regulatory agencies are actively gathering
information and funding research in order to more clearly
define the extent of the problem. This information s badly
needed by standards groups and regulatory agenries. At some
paoint in the future, perhaps when we have a better under-
standing of the phenomena, some guidelines and/or standards
for hand/arm vibrations will be established much fike the cur-
rent laws governing noise exposure and pollution. The stan-
dards could govern vibration exposure time and level as well

as the maximum ‘“‘emitted’’ vibration amplitude of a power
tool handle. In fact other countries appear to be ahead of
the U.S. in this area. The U.K. has had a proposed draft stan-
dard since 1974, Czechoslovakia has their Regulation No, 33,
the USSR had a Hygiene Regulation back in 1955 and put
out a newer version in 1966.

Surveys for VWF in workers could be performed in the work
place in a manner similar to the way hearing loss is currently
monitored. A potential screening survey technique has been
developed in Japan by Tadayoshi Sakurai® which would
allow a quick test for VWF by measuring the rate at which
the temperature of the fingers recover after a test subject
briefly grips a vibrating handle. The skin temperature rises
quickly for a healthy person, but stowly for someone with
VWF,

The question of what to do until laws and regulations are
enacted is one that has several answers. First, an examina-
tion of any proposed or enacted standards should be made to
gain some idea of what the potentially damaging levels of
exposure are, Second, since it is a known fact that reducing
the vibration amplitude will delay the onset of (or perhaps
preventl) VWF disease, installing vibration reduction handles
on potentially dangerous tools would be prudent. Third,
ignorance is not bliss in this matter! In the future perhaps
vibration pollution will have achieved the same status as noise
pollution with all its regulations. But even though there is
no vibration standard or law yet, it would be wise to examine
the 1.2 million workers to determine exactly how many
people have VWF in this country.

In conclusion, | feel that the public should be more well
educated about the harmful effects of vibration poliution
and methods for reducing its impact. Also the government,
industrial organizations and standards groups should move
with deliberate haste towards gathering data, making laws
and informing workers in this matter.

J.GS.

*Sakurai, Tadayoshi, ‘Vibration Effects on Hand-Arm-System, Part 2. Observation of Skin Temperature,” Industrial Health,

Japan, 15 (59), pp 59-66 (1977).
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EDITORS RATTLE SPACE

LITERATURE REVIEWS

We are currently expanding our group of active reviewers for the SHOCK AND
VIBRATION DIGEST. These engineers have accepted the responsibility of review-
ing the literature in a limited technical area in three-year cycles. The complete
guidelines for literature reviewers can be found on the inside back cover of the
DIGEST. If you are interested in assuming the responsibility for reviewing a techni-
cal area, please contact me, so that we can discuss your proposed topic.

The definition of a literature review is pertinent. Let us approach the definition in
a negative way by stating what a literature review is not: it is not a survey. A survey
contains comments on all the literature on a given subject, A literature review could
be defined as a selective survey; that is, it is a subjective evaluation of the published
literature. Nor is a literature review a tutorial. However, brief introductory tutorial
remarks are appropriate if they establish continuity and help the lay reader under-
stand the topic. Elaborate tutorial articles and extensive survey articles are pub-
lished in the DIGEST as feature articles.

Because the literature review should contain an in-depth evaluation of a small tech-
nical area, it is preferred that the reviewer be actively working in the area he choos-
es. Individuals working in a specific area typically evaluate the literature in that
area as it is published. The literature review should therefore be a periodic written
evaluation of the worker’s field.

The goals of the literature review are several. They should contain information
about the phenomena involved in the subject area, technigues for problem solving,
and criteria for evaluating the work being done. Reviews should be written and
illustrated so that extensive use of mathematics is not required. Avoiding complex
mathematical formulations allows interested individuals lacking expertise in the
field being reviewed to grasp salient points and thereby keep abreast of current
developments. Finally, the literature review should aiso provide a forum for de-
scribing techigues that might be applicable to other areas.

R.E.L.
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Announcement and Call for Papers
51st SHOCK AND VIBRATION SYMPOSIUM

Theme: Dynamics in Systems Development

Held at
Holiday Inn at the Embarcadero

San Diego, California

21, 22 and 23 October, 1980

Host: Naval Ocean Systems Center

United States Navy

Sponsor: The Shock and Vibration Information Center
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CALL FOR PAPERS

51st SHOCK AND VIBRATION SYMPOSIUM

Dynamic problems related to shock, vibration or acoustic
loads arise and must be solved in most stages of the RDT&E
process for defense systems. There are no exceptions, only
different problems depending upon the mission of the system
and where it is deployed, i.e. air, sea, ground or space. The
technology and technical information developed for the
solution of problems on one kind of system may well be
transferred for application to the problems of another. Thus,
the theme of this symposium is centered on shock and vi-
bration considerations in the development of different sys-
temns, beginning with the establishment of design criteria and
through analysis and design, test and evaluation, and reliabil-
ity assurance.

The symposium will be in the same format as the 50th, with
each half day program opening with a special Plenary Lecture
followed by a pair of technical sessions. Papers are sought on
the latest technical developments applicable to problems on
the following systems.

Sea Systems
Ships
Submarines
Off-shore Structures
Ground Systems
Fixed installations
Mobite vehicles
Air Systems
Aircraft
Helicopters
Missile Systems
Space Systems
Space Shuttle
New Generation Spacecraft

The subjects to be addressed may include any of a broad
range of problem areas within the shock and vibration fieid.
Some examples follow.

Instrumentation and Measurement
Data Analysis/Criteria Development
Dynamic Design Methods
Dynamic Analysis Methods

Shock and Vibration Software
Isolation and Damping

Modal Analysis

Modal Test

Test Techniques

Test Equipment

Test Control

Reliability Under Dynamic Loads

Keeping the theme in mind, authors are asked to share their
{atest advancements so that this symposium will be remem-
bered as an outstanding forum for technical interchange.

For further information, contact: The Shock and Vibration
Information Center, Code 5804, Naval Research Laboratory,
Washington, D.C. 20375 - Telephone (202) 767-2220 {Auto-
von 297-2220}: Henry C. Pusay, Director; Rudoiph H. Volin;
J. Gordan Showalter; Carol Healey; Elizabeth McLaughlin

SUBMISSION OF PAPERS

Those wishing to offer formal papers for the Symposium
should carefully follow the instructions on the reverse side
of the SUMMARY COVER SHEET (enclosed in this issue
of the DIGEST). Papers may be offered either for presenta-
tion at the Symposium, or publication in the Bulletin, or
both. Summaries of papers accepted for presentation will
be published and distributed prior to the Symposium. Six
copies of the two page {approximately 600 words) summary
should be submitted. No figures should be included in the
summary. Prospective authors are encouraged to submit
supplemental figures and additional information which the
program committee can use to evaluate the paper, but this
material should not be referenced in the summary. Authors
are required to furnish such a summary even if the complete
paper is submitted. In general, unclassified-unlimited distri-
bution summaries of classified papers are requested. If this
is impossible a classified summary may be submitted, but
this will not be published. Deadline for receipt of summaries
is 30 June 1980.

CLASSIFIED SESSIONS

The Shock and Vibration Symposium provides a special
platform and publication medium for authors of classified
papers up to SECRET. To simplify problems of paper release,
SVIC policy for the 51st Sympaosium is that attendance at
classified sessions wiil be jimited to U.S. citizens anu others
having the required clearance and need-to-know. Limited
distribution papers which are accepted will tikely be pro-
grammed in the classified sessions.

SHORT DISCUSSION TOPICS

This session is planned to allow progress reports on current
rasearch effarts and unique ideas, hints and kinks on instru-
mentation fixtures, testing, analytical short cuts and so forth.
It is intended to provide a means for up-to-the-minute cover-
age of research programs and a forum for the discussion of
useful ideas and techniques considered too short for a full-
blown paper. These discussions will not be published. Ac-
cepted speakers will have 5 minues for presentation and
5 minutes for discussion. Only unclassified-unlimited dis-
tribution discussions will be programmed for this session.
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Submittals should be made on the enclosed form by 15 Sep-
tember 1980. Acceptable presentations will be programmed
as long as space is available.

CRITERIA FOR ACCEPTANCE

Papers will be evaluated on technical merit. They should
describe work that advances the technology and which has
not been published previously. Papers with a commercial
flavor will not be accepted, however technical submissions
from vendor employees will be judged without bias and on
the same basis as those of other prospective authors.

PUBLICATION

For your scheduling, if your paper is offered for publication,
three review copies of the complete paper, neatly typed
in your own format, must be in this office by 15 September

1980. If the paper is accepted for publication, an author
kit will be provided for final copy preparation. Acceptance
for publication in the 51st Bulletin depends upon favorabie
referee review.

PROGRAM

The advance program for the Symposium will be distributed
in September, together with hotel, security clearance, and
registration information.

DATES TO REMEMBER

Deadline for Summaries: 30 June 1980
Paper Releases Due: 15 September 1980
Manuscripts for Review Due: 15 September 1980
Short Topics Due: 15 September 1980
51st Symposium: 21-23 October 1980
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SHOCK IN SOLIDS: ARMY MATERIALS
RESEARCH AND APPLICATIONS

R. Shea and J.F. Mescall**

Abstract - The Army Materials and Mechanics Re-
search Center (AMMRC) and its assigned mission of
managing and conducting the Army’s technology base
programs in structural materials and solid mechanics
are discussed. The dynamic behavior of materials,
especially to shock, forms an important part of these
research efforts. The goals of AMMRC have been to
provide guidelines for using existing materials and to
develop new materials for armor, penetrators, and
fragment devices. Existing codes for predicting the
shock response of solids are discussed as well as
failure mechanisms and current research efforts -
both experimental and numerical. The most recent
work in this area is surveyed.

The U.S. Army is concerned with the structural
integrity and durability of its equipment, much of
which must be capable of operating in adverse en-
vironments. The U.S. Army Material Development
and Readiness Command (DARCOM) is responsible
for the acquisition and fielding of this equipment and
is aware of the difficulties in dealing with such en-
vironments.

The U.S. Army Materials and Mechanics Research
Center (AMMRC) is DARCOM's staff laboratory
for materials research and development; AMMRC is
therefore concerned with the response of structural
materials in adverse environments. Accordingly,
AMMRC's program deals to a large extent with shock
and vibration, from structural response in millisec-
onds, to shock in solids in nanoseconds.

Because of current emphasis on the development of
fragmenting warheads, high-density penetrators, and
armor to defeat high-density penetrators, this presen-
tation concentrates on the time and pressure re-
sponses of materials used. Times up to 20 or 30
microseconds and pressures on the order of tens of
kilobars are involved.

AMMRC AND ITS MISSIONS

AMMRC is one of two laboratories reporting directly
to DARCOM; the other is the Human Engineering
Laboratory. AMMRC is not directed to a particular
type of system. Rather, its mission is 1o manage the
Army’s research and development program in struc-
tural materials and solid mechanics, as well as mate-
rials testing.

The real work of AMMRC is for the research and
development commands in the sense that AMMRC's
program must be responsive to their needs. In fact,
in addition to responsibility for the materials and
mechanics technology-base program with its longer
range goals, AMMRC is expected to provide short-
term, direct support to these commands and project
managers within these commands and in the readi-
ness commands within DARCOM. Figure 1 iliustrates
this role and shows some of the direct support activ-
ities that apply to systems under development, in
production, or in the field.

An illustration of this direct support is the develop-
ment of the nuclear shell. For almost two decades
the Armament of Research and Development Com-
mand {ARRADCOM) has used AMMRC in the
development of these shells.. AMMRC's role has
involved selecting and processing materials, assuring
the structural integrity of shell bodies, and manufac-
turing structural components.

AMMRC serves as the focal point for materials re-
search and development. Its program is thus struc-
tured along the lines of the DARCOM research and
development commands; for example, the program
includes Materials for Armament and Materials for
Aircraft, which correspond to materials requirements
of ARRADCOM and Aviation Research and Develop-
ment Command {(AVRADCOM). Because DARCOM's

*This paper is adapted from a plenary lecture delivered at the 50th Shock and Vibration Symposium in October, 1979,

in Colorado Springs

* *Dapartment of the Army, Army Materials and Mechenics Research Center, Watertown, Massachusetts 02172
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DARCOM

DEVELOPMENT COMMANDS - READINESS COMMANDS -
PROJECT MANAGERS

MATERIALS STRUCTURAL QUALITY TESTING MANUFACTURING
ENG INEERING DESIGN ASSURANCE TECHNOLOGY TECHNOLOGY

Figure 1. AMMRC Support Relationship

readiness commands are organized along the same
lines, the program can be responsive to the needs
of DARCOM. Thus, the dynamic responses of mate-
rials and structures are important to AMMRC., Figure
2 shows some areas that are currently emphasized
in the technology-base program.

This article contains discussions of the shock me-
chanics aspects of fragmentation, armor and pene-
trator materials, mechanics of composite materials,
and life prediction/reliability mechanics.

AMMRC is located at the site of the former Water-
town Arsenal, about six miles west of Boston (Figure
3). In fact, AMMRC was formed by the merger of
the Watertown Arsenal Laboratories and the Ordi-
nance Materials Research Office. The aerial view of
AMMRC (Figure 4) was taken from over the Charles
River. AMMRC comprises the westernmost third
of the old Watertown Arsenal grounds. The arsenal,
founded in 1816, was disestablished in 1967. The
buildings on the eastern side date from right after
the Civil War to the end of the nineteenth century.
Much of AMMRC's dynamic testing is conducted
in Building 312, the old gun carriage assembly shop.

The facility contains a computer controlled testing
system (Figure 5) to characterize metals, ceramics,
polymers, and composite materials at strain rates
from about 10™% per second to 50 per second. Other
aynamic testing facilities cover higher strain rate
ranges. Included are a penetration research facility
to evaluate armor and penetrator materials and a
light-gas gun facility that can generate shocks in
solids up to about 500 kilobars and measure re-
sponses in the nanosecond range.

SOLID MECHANICS

The goal of AMMRC's solid mechanics technology-
base program is to understand how materials fait
and then develop predictive techniques. Although
the overall program is structured along systems-
oriented lines, AMMRC is organized along discipline-
oriented lines; nevertheless, mechanics of failure
processes is the common thread of the program.
Within the mechanics side of AMMRC this translates
to life prediction/reliability mechanics, mechanics
of advanced materials, and shock-impact mechanics/
dynamics.
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® CHARACTERIZATION OF ORGANIC COMPOSITES

OELECTROSLAG REMELTED STEELS
OHIGH DENSITY PENETRATORS

O®ENVIRONMENTAL PROTECTION/DURABILITY
OF MATERIALS

OBALLISTIC MISSILE DEFENSE MATERIALS
OGUN BARREL EROSION

OMETAL-MATRIX COMPOSITES

OGEAR MATERIALS

®BRIDGING MATERIALS/CONCEPTS

® CERAMICS FOR DIESEL ENGINES

O FLAMMAB ILITY/FIRE PROTECTION
OFRAGMENTING MUNITION MATERIALS

®ARMOR TO DEFEAT LONG ROD PENETRATORS
OL|FE PREDICTION RELIABILITY MECHANICS

Figure 2. Current Areas of Emphasis

The objective of life prediction/reliability mechanics
is to merge fracture mechanics and probabilistic-based
considerations. Because Army systems must operate
in increasingly severe environments, materials are
being pushed much harder, and the materials them-
selves are much less forgiving than in the past. For
example, the Army now employs a high-fragmenta-
tion steel in the warhead of the 155-mm rocket-
assisted high-explosive round. This material is ex-
tremely effective on target but is inherently brittle,
thereby posing difficult design issues insofar as as-
suring safety and reliability during rough handling
and launching are concerned. The use of such mate-
rials, particularly in severe environments, complicates
our ability to predict failure.

Other issues also demand attention. For example,
the state of the art of linear-elastic-fracture mechanics
is inadequate; elastic-plastic behavior needs much
additional study, as do shear and mixed-mode frac-
ture analyses. Another concerr. is the ever-increasing
number of structural mechanics computer codes;

conservative estimates are that more than 1,000 such
codes, both general and special purposes, are now in
use in the U.S. In many cases the user has no under-
standing of the details of the codes.

Another issue is structural integrity. In too many sys-
tem development programs not enough attention was
paid to structural integrity -- until problems devel-
oped. The reason probably is that some high-technol-
ogy area often drives a development program, and the
old line technologies of shock, vibration, materials,
and mechanics are taken for granted. Structural in-
tegrity of equipment, particularly in shock and vi-
bration environments, cannot be taken for granted
and must be an integral part of any development
program from inception.

Areas of concern in the mechanics of advanced mate-
rials include the behavior of ceramic materials and
composite materials. Devising joint design methods
is part of a general need to understand how these
materials fail.
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Figure 3. Location of AMMRC

Composite materials are now used in many Army sys-
tems, as are structural ceramics, but their potential
has not yet been exploited for two closely related
reasons. First, these materials are more difficult to
characterize than are metals;, hence the data base is
woefully sparse. Second, the reasons for failure of
these complex materials are not understood; thus,
they cannot be fully exploited.

An advantage of composite materials is that they
have high specific strength and stiffness and thus
should be useful in developing lighter and higher
performance or more efficient systems. Moreover,
judicious application of these materials allows reduc-
tion of lifecycle costs. An example in which both
weight and money can be saved appears to be Army
tent frames. The U.S. Army Natick Research and
Development Command (NARADCOM) and AMMRC
are conducting a program aimed at replacing alumi-
num frames with glass-polyster ones in an Army tent
system. The composite frame will be lighter, less ex-
pensive, and maore durable than the aluminum one.

10
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Another application of composites is mobile assault
bridging. A demonstration project for metal matrix
composites in wvehicular-launched bridging compo-
nents is already underway but will not come to frui-
tion for several years. The U.S. Army Mobility
Equipment Command {(MERADCOM) and AMMRC
are collaborating to introduce organic matrix com-
posites into bridging right now. The motivation is to
save weight and thus emplacement time.

The principal concern in shock-impact mechanics/
dynamics is to better use available materials and to
define the characteristics necessary for materials
that will be used in fragmentation devices, high den-
sity penetrators, and advanced armor systems, Al-
though AMMRC does not have the responsibility for
developing such systems, materials performance in
these areas is almost indistinguishable from systems
performance.

The most powerful tools available for analysis of the
response of materials are the so-called hydrocodes,
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Figure 4. Aerial View of AMMRC

which were originally developed by the Atomic
Energy Commission for the design of nuclear devices.
AMMRC principally uses the HEMP (Hydrodynamic-
Elastic-Magneto-Plastic) code, developed by Witkine
at Lawrence Livermore Laboratory [1]. These com-
puter codes now have provisions for including mate-
rial strength in the analysis.

In effect, these codes provide an excellent means for
modeling shock events in solid materials, insofar as
predicting wave propagation events, stresses, pres-
sures, and strains are concerned. Details of the be-
havior of materials in these severe environments are
lacking, particularly details of dynamic fracture. Such
details are necessary if improvements in materials for
these applications are to be made.

The problem is that dynamic fracture is not well
enough understood to allow formulation of criteria
for the codes. Existing dynamic fracture criteria are
either too simplistic to be realistic or too complex to
be practical. This situation is not as serious in nuclear

applications because pressures are so great that mate-
rial strength is insignificant. In penetration and frag-
mentation applications, pressures {and stresses) are
an order of magnitude lower; hence, material strength
and dynamic fracture are overriding issues.

Penetration and fragmentation are dynamic environ-
ments with few nonmilitary applications, so that data
are sparse; a major commitment in this area is there-
fore essential.

Concern has been expressed with the potential for
development of high-energy laser weapons by the
Soviet Union. The DOD has well-coordinated effort
directed toward understanding the interactions of
high-energy laser beams and structural materials.

One instance in which a fairly simple dynamic failure
model was used successfully involves the use of a
mechanical means of wave shaping to enhance frag-
mentation. In a conventional fragmentation device
a cylinder or other shell is filled with high explosiva.
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Figure 5. Automated Materials Characterization Facility

The explosive is detonated at the center of one end.
The ensuing shock wave travels down the shell, re-
sulting in a radial expansion of the shell, The fracture,
or fragmentation process, occurs as shear cracks at
about 45° from a radial direction, either singly or in
combination with tensile cracks oriented radially; the
latter originate near the outer surface of the shell.

In a basic study involving computer modeling of ex-
ploding wire experiments used to characterize the
dynamic spall strength of aluminum, a capacitor was
discharged across a wire in the center of the cylin-
drical test specimen; the procedure was used to en-
hance fragmentation, and the SLAPPER concept
evolved (Figure 6). Two cylinders with a space be-
tween them were used; the shock wave, on detona-
tion of the high explosive, propels the inner cylinder
{or SLAPPER) across the space, and the inner cylin-

12

der strikes the outer one. Varying the radii and thick-
nesses of the cylinders allows the rarefaction that
occurs after passage of the shock caused by the im-
pact to be tuned; the result is that radial tensile
stresses large enough to cause spall failure in the
outer cylinder are produced. This spallation, or ten-
sile fracture, in the circumferential direction, pro-
duces another mode of fracture in the fragmentation
process.

The method used to tune the configuration was based
on a fracture criterion suggested by Sandia Labora-
tories. This model uses the integral under the stress-
time curve as a failure criterion. The integral can be
maximized by adjusting or tuning the configuration.

The Table contains results of an experimental verifi-
cation. A relatively ductile material, 1026 cold-rolled
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Figure 6. The SLAPPER Fragmentation Concept

steel, was compared with a high fragmentation steel,
HF-1. In the conventional configuration the HF-1
yields almost three times as many fragments as the
1026-CR because the HF-1 is inherently brittle.

With the SLAPPER, a dramatic increase in the num-
ber of fragments results in both materials. The main
point is that this approach allows significantly more
fragments to be obtained with the relatively ductile
1026-CR than with the brittle HF-1. This implication
is that the increased launch safety associated with the
1026 steel can successfully be combined with the
fracture behavior required at detonation time to in-
crease lethality.

Effect of Slapper on Fragment Count

FRAGMENTS LARGER THAN % GRAIN

CONVENTIONAL SLAPPER
HF-1 1200 2400
1026-CR 430 2120

PENETRATION MECHANICS/
FRAGMENTATION MECHANICS

This selection has to do with the scope of AMMRC's
program in shockwave propagation in solids under ex-

plosive loading or ballistic impact conditions. The
general concern is with events that occur when a
long rod-shaped penetrator strikes an armor plate at
velocities up to 5,000 feet per second or when a
steel cylinder filled with a high explosive is deto-
nated. AMMRC is concerned with the role played by
material properties of solids in such extreme loading
environments; for example, the influence of the
dynamic yield strength on the interaction of pene-
trator, armor, or fragmentation device. Also of
interest is the possible significance of the fracture
toughness concept of static materials behavior.

Because full-scale testing of such weaponry is ex-
pensive, small-scale ballistic ranges and detonics
facilities are used to screen materials. Orthogonal
X-ray observations are made of both ballistic and
explosive events. Such kinematic variables as residual
velocity and residual mass of fragments when penetra-
tion does take place are of interest, as are the patterns
of the fracturing process and the timing of the events.

Even though experimental observations are indis-
pensable, the extreme pressures and short-times in-
volved make it difficult to obtain specific measure-
ments at the most interesting locations. Transducers
attached to specimens tend to be destroyed too soon;
photographic or X-ray observations do not satisfac-
torily discriminate between designs that differ pri-
marily in material used. Two notable exceptions
include some recent ultra-high energy X-ray observa-
tions of the penetration process and some long-rod
penetration experiments. On the other hand, evidence
from examinations made after tests show that, for
many applications, material selection is of critical
importance.

Computer simulations of ordnance applications have
been extremely useful in interpreting experimental
results. Such calculations provide reliable quantita-
tive details of the stress-and-strain fields that prevail
in the interior hostile environments. |f the calcula-
tions are done carefully and correlated with experi-
mental observations, the results can significantly
increase our understanding of the reguirements for
material properties.

Simulations are based on the conservation laws {mass,
momentum, and energy) coupled to an equation of
state that is realistic for the high pressures and short-
times involved; the finite difference formulation is
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integrated step-by-step in time, and the output is a
detailed history in time of the physical variables of
interest.

The governing differential equations which vary
somewhat in form depending upon whether a La-
grangian or eulerian formulation is used [1, 2]. De-
tails of the equation of state employed are given in
the following paragraphs.

During the early development of computer codes
for the simulation of explosive events, attention was
focused on the hydrodynamic mode of behavior
that is appropriate for pressures on the order of
hundreds of kilobars (i.e., an order of magnitude
above strength of material considerations}. A pres-
sure-volume relationship ({the Hugoniot curve in
Figure 7) is determined in a series of plate-slap ex-
periments involving conditions of uniaxial strain. The
rear surface of a target plate is monitored with a
laser-interferometer technique and, from details of
the observed motion, inferences can be drawn as to
the material response under very high pressures in
microseconds.

As experimental evidence accumulated it became
clear that there was a substructure associated with

o Hugoniot Pl )
5 Total Stress
b Path, o
0 I I
DYNAMIC STRESS-STRAIN CURVE
Figure 7. Dynamic Stress-Strain Curve
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the stress-wave patterns generated under shock-load-
ing cond